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SUmARY 

As part of a study to extend the Space Shuttle Orbiter center-of- 
gravlty envelope, tests were conducted at Mach 20,3 to determine the 
effect of several forebody, winq-fillet, and canard modifications on 
the orbiter lonqitudinal center-of-pressure locations. All of the 
modifications were desinned to increase the forward planform area dis~ 
tribution in order to increase the hypersonic nose-up trim capability. 
Force and moment data were obtained at angles of attack of 18® to 54® 
at zero sideslip anole. The test Reynolds number was 1.95 x 10® based 
on body length. The forward extended wing-body fillet modification 
produced the lamest forward shift in center of pressure (3.0 percent 
of the body length) of any of the wing-fillet modifications tested. 

The large fillet-canard also produced a 3.0 percent forward center-of- 
pressure shift. The modified forebody produced a forward center-of- 
pressure shift of about 1.0 percent body length. 

INTRODUCTION 

The longitudinal center-of-gravi ty range of the Space Shuttle 
Orbiter for trimned flight durinn entry, approach, and landing is quite 
limited. This puts a considerable constraint on the allowable mass 
distribution ef shuttle payloads. In an effort to extend the orbiter 
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center-of-gravity envelope, a study was undertaken at the Langley Research 
Center to examine the feasibility of developing simple, "bolt-on" modi- 
fications. Modifications which were studied Included changes in fuse- 
lage nose shape and wing fillet planform and the addition of fixed canard 
surfaces. Systems design analyses were undertaken to determine the 
weight penalties. Aerodynamic heating tests and analyses provided 
information on the Impact of the modifications on thermal protection 
system requirements. Wind-tunnel force and moment tests were conducted 
across the speed range to assess the effectiveness of the modifications 
In extending the center-of-gravl ty envelope and the influence of the 
modifications on flight characteristics. Aerodynamic characteristics 
of the modifications at Mach 10.3 and at transonic speeds are presented 
In references 1 and 2, respectively, the effect of the modifications 
on the orbiter heat-transfer characteristics at Mach 10.3 are given 
in reference 3, and the system design analyses are given In reference 4. 

As a part of the aerodynamic studies, an investigation of the effects 
of several configuration modifications on the hypersonic static stability 
and longitudinal trim characteristics of a 0. 004-scale model of the 139B 
orbiter was conducted in the Langley 22- Inch Helium Tunnel. The modifi- 
cations consisted of a revised forebody shape, three forward wing-body 
fillets having Increased planform area, and four canards of varying 
planform shape and area. The 139B model used in this Investigation 
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was an a.rller «rs1oa of the laOA/B n»de1 used In the greater part 
of the c.g. expanstcn study, however, the differences hetween the con- 
figurations were not large enough to alter the Incremental effects 
Of the i„d1,ldual modifications. Force and nmment data we„ obtained 
over an angle-of-attack range of Iso to 54° ,t zero sideslip angle 
and most of the tests were conducted at a Mach number of 20.3 with a 
corresponding Reynolds number of 1.95 * lo« based on body length. i„ 
addition to the aerodynamic data, photographs of electron-beam- 
Illuminated flow patterns are presented. 

SYMBOLS 

The longitudinal aerodynamic data are presented about the stabllU 
system Of axes while the lateral-directional a.rodyn^lcs are presented 
about the body axes (fig. 1 ). All the aerodynamic data contained hereli 
ware nondimenslonallted using the values of the baseline ™de1 wing 
reference area, span and mean aerodynamic chord. The moment reference 
point is located at 65 percent of the fuselage referonce length (1 e 

8.52066 cm (3.35466 In.) aft of the model nose). Values aro given In’ 
both SI and US Customary Units. 

A aspect ratio 

wing span, 9.517 cm (3.747 in.) 
c mean aerodynamic chord. 4.823 cm (1.899 in.) 

axial force coefficient. Axial force 



r ! 


; , ' ■■ 1 


Tl 


drtg coefflcUnt. 

lift coefficient, — 

Vef 

^ Pitching moment 

pitching moment coefficient, q j 

^ Normal force 

normal force coefficient, q«» 


c.g. 

L/D 

M 

qw 


"*ref 

V‘ 


center of gravity 
11ft“drag ratio 

fuselage reference length, 13.109 cm (5.161 In.) 

Mach number 

2 

free-stream dynamic pressure. Newtons per meter 
(lb/ft2) 

free-stream Reynolds number based on t 

wing reference area, 0.0039987 m^ (0.04304 ft^) 

center-of-pressure location defined by X._/t - ^ 1 


XMRP 

ZMRP 

^BF 


SB 


moment reference point on X axis 
moment reference point on Z axis 
anqle-of-attack, deg 

body flap deflection angle (positive for trai ling- 
edge deflected downward), deg 

elevon deflection angle (positive for tralllng-edge 
deflected downward), deg 

split rudder flare angle (positive for tralllng- 
edges deflected outboard), deg 


Model Configuration Components: 

B1 baseline fuselage forebody 
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B4 

C2 

C3 

C4 

C5 

E 

F 

M 

50 

51 

52 

53 
U 

V 


enlarqed planforw and cambered fuselage forebody 
modification 

canard used with baseline fillet removed 
Intermediate fillet-canard 
large fillet-canard 

small fillet-canard (designated H-19 In reference 5) 
baseline eleven 
baseline body flap 
OMS pod 

baseline planform fillet 
Intermediate wing-body fillet 
forward extended wing-body fillet 
large wing-body fillet 

baseline wing (outboard panel) having a leading-edge 
sweep of 45® 

baseline vertical tall 


APPARATUS AND TESTS 
Test Facility 

The LaRC 22-Inch Helium Tunnel Is a blowdown-type tunnel with a 
normal operational time of 30 seconds for aerodynamic force and moment 
tests. Studies are conducted In the 22-inch diameter test section 
at Mach numbers from 17.6 to 22.2, at stagnation pressures from 1.4 
to 20.7 MPa (200 to 3000 psi). and at stagnation temperatures from 289 
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to 533^K (520 to 960^R). These test conditions allovk Reynolds number 
variations from 3.9 x 10^ to 37.7 x 10® per meter (1.2 x 10® to 11.5 
X 10® per foot). Operational characteristics of the contoured nozzle 
flow characteristics are available In reference 5. 

Models 

The baseline model was a0.004<eca1e representation of the Rockwell 
International 1396 configuration (Model 34*0) tested previously and re- 
ported In reference 6. Sketches of the model and modifications are 
presented In figures 2 and 3« and photographs of the model are presented 
In figure 4. The configuration stations shown In figure 3 are full- 
size vehicle station dimensions (In Inches) and the areas of the 
modifications are also full scale. 

The modifications designed to extend the forward c.g. trim capabil- 
ity of the model are designated as follows: 


Symbol Figure 


SI 

3(b) 

Intermediate wing-body fillet, leading-edge 
sweep 75.5° 

S2 

3(c) 

Forward extended wing-body fillet 

S3 

3(d) 

Large wing-body fillet, leading-edge sweep 
71 . 5 

64 

3(a) 

Modified forebody, camber, length, planform 

C2 

3(e) 

Canard used with baseline fillet removed 

C3 

3(f) 

Intermediate fillet-canard 

C4 

3(g; 

Large fillet-canard 

C5 

3(g) 

Small fillet-canard (designated H-19 In 
reference 6) 
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As stated previously, most of the tests supporting the c.q. study 
utilized models representing the 140A/B orbiter configurations. The 
major differences between the 139B and 140A/B configurations were 
that the 140A/B wing was thicker along the elevon hingeline and utilized 
a body flap having a larger wedge angle to accommodate the Increased 
upsweep of the vehicle trailing edge resulting from the thicker wing. 

In either case, the body-flap deflections from the nominal zero setting 
were designed to present the same lower surface angle to free stream 
for both positive and neqative deflections. At the nominal positive 
body-flap setting, the windward surface angle was 10® with respect to 
the X-axis, and at the negative deflection the windward surface was 
-18® relative to the X-axis. Subsequent to the tests, the body-flap 
windward surface angles were measured. The results of the measurements 
are shown below: 

Nominal Body Flap Setting 



Nominal 

Measured 

0® 

-3.75° 

-3.5° to -4.0® 

13.75® 

10° 

9.3® to 10.35® 

14.25° 

O 

GO 

1 

-17.65® to -17.4° 


The range of measured angles represents the variation between the left 
and right ends of the body flap. Since all modifications were tested 
separately the Individual Incremental effect on model stability and 
trim was obtained with a high degree of confidence that the effect of 
the errors In body-flap angles on the Increment would be negllg le. 
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Tests 

The model was stino supported, with aerodynamic forces and moments 
measured by an Internally mounted six-component strain qape balance 
Angles of attack were varied from 18® to 54® at zero sldesllo anole and 
were measured by an optical method using a prism mounted on the model 
to reflect light from a point adjacent to the test section window 
onto electric eyes set at calibrated intervals. 

In order to obtain maximum trim capability the model was tested 
with the elevens set at -40® In combination with a body-flap setting 
of -14.25® to represent forward c.o. locations; to represent trim 
about aft c.o. locations, the elevens were set at 15®, and the body 
flap set at 13.75®. Some combinations of the modified forebody and 
fillets and canards were also tested. The rudder flare (speed brake) 
was set at 55® Included amltf for all co-flouratlons tested. All 
configurations tested are listed In the data set/run collation summary 
In the appendix. The Investinatlon was conducted with helium as a 
test medium at . total pressure setting of 6.895 MPa (1000 psin) with 

< a correspondino Mach number of 20.3 and a Reynolds number of 1.95 x 10® 

based on a model length (t^) of 13.109 cm. The refects of Reynolds 
number variation from 1.09 to 3.33 x 10® were Investigated for a 

I 

' selected configuration. The test conditions are listed In table I. 

\ 

' i Photographs of the electron-beam-illuminated flow field were recorded 

for each configuration investigated. 

Measurements 

The aerodynamic forces a d moments measured by the Internal strain 
gage balance were reduced to coefficient form using the following refer- 

i I 

( cnce dimensions: 
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S “Wing pi an form area ■ 39.987 cm^ 

*REF " wing mean aerodynamic chord - 4.823 cm 
b " wing span = 9.t)17 cm 

The reference center-of-gravl ty location for moment data Is: 

XMRP ■ 8.522 cm aft of nose (65 percent body length) 

YMRP » 0.0 

ZMRP “ 0.0, fuselage reference line 

Model b.se pressures were not measured and all data are presented as 
uncorrected for base pressure; however, is tabulated for selected 

conditions In reference 7 for the baseline configuration. Uncertainties 
in the force and moment data are listed in table II. 

RESULTS AND DISCUSSION 
Aerodynamic Data 

Aerodynamic data obtained in this investigation are tabulated in 
the appendix. The basic lonoitudinal aerodynamic characteristics. Cl, 

Cy, L/U, Cf^, and C„,, of the model with the various modifications for 
the maximum foravard c.n. trim case (6g = -40°, 6^^ = 14. are presented 
in figures 5 through 9. The effect of variation in Mach and Reynolds 
numbers on the model characteristics with the maximum width forubody 
134 combined with the C4 canard Is presented in figure 10. The maximum 
positive and negative trim characteristics of the model with various com- 
binations of the forebody B4 and the canards are presented in figures 11(a) 
through ll(f). These data show a break in the stability ( 3 C„,/ 3 C,^) 
of the model In the form of a pitch-up that occurred between angles of 
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attack of 45® and 50®. The pitch-up appears to be more severe for 
the positive control deflections (tralllno-edge down). A comparison 
of the data of figures 6 and 7 of reference 7 (for a range of body- 
flap and eleven deflections) showed that the character of the pitch- 
up was relatively unaffected by body- flap deflections, but was very 
sensitive to positive eleven deflections. Although the cause of the 
pitch-up Is unknown. It was reasoned that the disturbance was asso- 
ciated with an area of separation on the windward surfaces of the 
model wings. 

Effect of Modifications on Longitudinal Trim Capability 
The objective of the study was to extend the trimmed forward center- 
of-gravlty capability of the orbiter. A good Indication of the effective- 
ness of the modifications In providing additional forward trimmed 
center-of-qravl ty capability Is their effect on the model center-of- 
pressure location, X^p/t. The effects of the various planform modifica- 
tions on the model center-of-pressure location for the maximum forward 
c.g. trim case are presented In floures 12 through 16. As shown in 
figure 12, the most effective fillet modification was S2, in which most 
of the added planform area was placed at the forv/ard end. This modifica- 
tion moved the center-of-pressure location forward by about 3 percent 
of the model body length, Although the S3 fillet was considerably 
larger than S2 (compare floures 3(c) and 3(d)), the more aft distribution 
of Its planform area rendered It less effective. Removal of the baseline 
fillet, SO, shifted the value of X__/t aft by about 1.3 percent body 
length (tig, 13). With the baseline fillet replaced by the C2 canard. 
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the center of pressure was moved forward by about 2.5 percent t, Indicating 
that the C2 canard was more effective than the baseline fillet in providing 
forward c.g. trim capability at Mach 20.3. Finure 14 shows that the 
most effective in-fillet canard was C4 (the lamest planform area) and 
the forward increment in X^^/l produced by ‘•bis modification was 0.03. 

At the test Mach number of 20.3 the C4 canard effectiveness is equivalent 
to that of the most effective fillet, S2, but the data of reference 2 
indicate that the canard would cause the vehicle to exceed the subsonic 
longitudinal Instability limit. With the subsonic stability constraint 
taken into consideration, the canard size would probably be limited 
to that of the C3 canard. On this basis, the most effective hypersonic 
modification from the standpoint of forward center-of-pressure movement 
was the S2 fillet. Fioures 15 and 16 show that the effect of :,ie fore- 
body B4 on the value of X^p/t was to produce a forward shift of 1 percent 
of the body length. The combined effect of Mach and Reynolds number 
was a more forward location of the Cp with increasing Mach and Reynolds 
number at the lower anoles of attack (18° - 35°). As angle of attack 
was increased, this effect tended to diminish, and at anoles of attack 
above 45°, it became neolioible. The effect of several of the modifi- 
cations on the center-of-pressure location of the maximum trim configu- 
rations (representino forward and aft center-of-gravity locations) is 
shown in figure 18. These data indicate that the aft center-of-oressure 
locations (6^ « 15°, 6^^ « 13.75°) are biased forward by the modifica- 
tions by the same amount as the forward Cp locations. 
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Flow Visualization 

Flqures 19 through 3.'’ present the results of the electron hea-i 
flow visualization studies. In the absence of more detailed V'ow-'fleld 
measurements, only qualitative observations on the rharacu* •••. the ob- 
served flow fields can be made. The most observatlot* on the 

effect of the modifications on the character oT the flow field is that 
the Intersection of the bow shock wave with the winq shock tends to 
move outboard with the modifications in place. Flqures 19 th-ouqh :'2 
show the effect of the fillets. Removal of the baseline fillet causes 
the bow shock-winq shock Intersection to move further Inboard (compare 
flqure 23 with floure 19). The Interaction between the bow shock and 
the shocks from the canards, f1 cures 24 throunh 26, tended to move the 
.bow shock-wing shock Interaction further outboard. The intersection 
of the bow shock with the canard shock occurred in the reoion of the 
canard tips. The wide forebody B4 tended to move the bow shock outboard 
in the region of the canard tips, but did not materially affect the 
location of the bow shock-winq shock interaction (fi cures 27 through 32). 
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SUMMARY OF RESULTS 

Tests were conducted at Mach 20.3 in the Lanqley 22- Inch Helium 
Tunnel to determine the effects of fuselage forebody and wing-fillet modi 
ficatlons and canards on the longitudinal aerodynamic characteristics of 
a Space Shuttle Orbiter configuration. The results are sunmarized as 
follows: 

1. The canard C2 was more effective than the baseline wing fillet 
In producing a forward shift in model center of pressure. 

2. The S2 fillet modification produced the largest forward shift in 
center of pressure (3.0 percent body length) of any of the wing fillet 
modifications tested due to the fact that the area distribution of this 
fllletwas more forward than that of the other fillet configurations. 

3. The largest in- fillet canard, C4, produced a forward center-of- 
pressure shift equivalent to that of the S2 fillet, however. It would 
not meet the subsonic stability criteria. 

4. The forebody modification B4 produced a forward shift in center 
of pressure of 1.0 percent. 
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TABLE I - TEST CONDITIONS 


MACH 

NUMBER 

Rgj X 10‘® 

DYNAMIC PRESSURE 
(kPa) 

STAGNATION 
TEMPERATURl 
(DEGREES K) 

20.3 

1.95 

10.964 

307 

19.0 

1.09 

6.661 

300 

21.6 

3.83 

18.226 

271 


table II - MAXIMUM DATA UNCERTAINTIES 


MACH NO. 

19.0 

20.3 



21.6 

P^ (MPa) 

3.45 

6.90 


13.79 


.1 -0301 

+ .0183 

♦ 

.0109 

^'A 

+ .0042 

+ -0026 


.0016 

Sn 

^ .0130 

+ .0079 

f 

.004 7 


f .0028 

+ .0017 

+ 

.0010 

S, 

+ .0045 

+ -0027 

f 

.0016 

Cy 

+ .0099 

+ .0060 

f 

. 003t^ 


Uingley balance HH20 


APPENDIX 


TABULATED DATA 

The data presented herein are identified in table I (Data Set/Kun 
Nuiiber Collation Summary) by confiquration and run number. These data 
are also stored on tape in the Space Shuttle Data System (DATAMAN) and 
are identified by Shuttle test number LA-40 and data set identification 
letters RH. Access to the data may be obtained by writing to the following 
address: 

Chrysler Corporation, Space Division 
Dept. 2910, P.O. Box 29200 
New Orleans, LA 70189 

The symbols listed below define the parameters tabulated in the 
following pages. 

-N normal force coefficient 

CA axial force coefficient 

CLM Pitching moment coefficient 

CBL rolling moment coefficient 

CYN yawing moment coefficient 

CY side force coefficient 

CL lift coefficient 

CD drag coefficient 

L/D lift-dran ratio 

i 



lE^ll (la- 40 ) I SET/RUN NUMBER COLLATION SUMMARY [DATE • 9/10/75 
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Fioure 2.- General arranaement of orbiter model. All dimensions are normalized with 
respect to body length (13.109 cm (5.161 in.)). 



cations tested. Body stations shown are full-scale vehicle stations. 





Removable fillet, SI 




(c) Removable fillet. 



(d) Removable fillet, S3 



Sta II48L2 




(e) Canard trimmer C2, fillet removed 





(f) Canard trimmer C3, baseline fillet 
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:d forebody modifi cations 








Figure 5.- Bfed of fillet planform modifications on the longitudinal characteristics of the 139B orbiter. 6« - -40. Oor - -1425. M • 243. 





Figure 5.- Concluded. 













Figure 6.- Concluded. 
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Figure?.- Concluded. 





combinations on the longHudinal characteristics of the 139B orbiter. 6® - -40, • -1425. M • 20,3. 
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Figure 9.- Hfect of forebody-canard combinations on the longitudinal characteristics of the 139B orbiter. 6«»-40, 6 dc--14.2, M«20L3. 






















(b) Concluded. 
Figure 11.- Continued. 

























Figure 11, - Continued. 
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Figure 12.- Effect of fillet planform modifications on the orbiter longitudinal 
center-of-pressure location at Mach 20.3. I'ig = -40°, (ligp » -14.25°. 
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CONFIGURATION 

O Baseline 
□ Baseline - SO 
O Baseline - SO + C2 
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Figure 13.- Effect of replacing the baseline fillet with a canard on 
the orbiter longitudinal center of pressure location at Mach 20.3. 

Se = -40°, So# = -14.25°. 
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Figure 14.- Effect of In-fillet canards on the orbiter longitudinal 


center of pressure location at Mach 20.3. Se » -40°, Sg^ = -14.25°. 
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Figure 15.- Effect of forebody-flllet combinations on the orbiter 
longitudinal center of pressure location at Mach 20.3. Se •*- -40°, 

Sgf = -14.25°. 
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CONFIGURATION 
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Figure 16.- Effect of forebody-canard combinations on the orbiter 
longitudinal center of pressure location at Mach 20.3. Se * -40° 

So* = -14.25°. 
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Figure 17.- Effect of Mach and Reynolds number on the orb 
dinal center of pressure location. Configuration B4C3, S 







a. cleg 

(a) Baseline configuration 

Figure 18.- Effect of maximum elevon and body-flap deflections on the orbiter 
longitudinal center-of-pressure location for variojs forebody and canard 
combinations. M = 20.3. 








































Figure 19.- Concluded 
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(b) Bottom view 
Figure ?0.- Concluded 



Figure 21.- Electron beam flow visualization on the 139B orbiter with the 
5 =-«0°, 6 oc=- 14.25°, a=30'’, M-20.3, R, =1.99 X 10^. 
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Figure 21.- Concluded 
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